ABSTRACT. We evaluated the effects of the Shahid-Rajaei dam, 14 years after its construction, on morphometric and genetic divergence between up-and downstream populations of the Iranian fish SiahMahi (Capoeta capoeta gracilis). Sixty-six specimens were analyzed. There were significant differences between the 2 groups in the means of 16 morphometric characters (univariate analysis). In discriminant function analysis, the proportion of individuals classified into their original groups was 97 and 100% for up-and downstream populations, respectively. Principal component analysis of morphometric data demonstrated that the up-and downstream samples of Siah-Mahi are clearly distinct. In the genetic analysis, 6 informative primers produced 89 polymorphic bands with 95% polymorphism. In association analysis between morphological and genetic data, 63 of 89 genetic markers were significantly correlated with the 16 morphometric characters. We conclude that these are 2 morphologically and genetically distinct populations of C. c. gracilis, probably due to limited downstream dispersal and elimination of upstream migration.
INTRODUCTION
Many environmental impact reports have shown that construction of a dam can lead to dramatic changes in the environment and can particularly affect the diversity of fish communities (Craig, 2000; Haas et al. 2010 ). Fragmentation of a river ecosystem could alter migration patterns among fish populations (Horváth and Municio, 1998; Jager et al., 2001) , producing genetic stocks that are reproductively isolated units and are genetically different from other stocks (Booke, 1999) . Stocks are best defined with genotypic or phenotypic markers that are stable and repeatable (Booke, 1999) and identification of discrete populations within stocks is critical for the development of reasonable resource exploitation practices and fishery management (Salini et al., 2004) .
Siah-Mahi, Capoeta capoeta gracilis (Keyserling, 1861) , one of the subspecies of the genus Capoeta, is an omnivorous, potamodromous cyprinid fish that is found in both lotic and lentic habitats (Samaee et al., 2006 (Samaee et al., , 2009 ). This species is distributed throughout the freshwater river systems of the southern Caspian Sea basin (Abdoli et al., 2008; Samaee et al., 2009) . In addition to its ecological significance, Siah-Mahi is an important species for sport and inland water fishing (Samaee et al., 2009 ). In the southern Caspian Sea, Siah-Mahi mainly exists in the Tajan River, which is a significant river in this region with a flow of 19.4 m 3 /s (Nazariha and Alinezhad, 1999) . In the mid-1990s, the Shahid-Rajaee reservoir dam, which lacks a fishway, was constructed on this river (AnvariFar et al., 2011 ). This is a major dam according to the classification of McAllister et al. (2001) . Because of this construction, the river was fragmented into 2 parts.
In ichthyo-taxonomical studies, morphometric characters are helpful for separating closely related genera, species, and even populations. However, they are not always suitable for identifying closely related species. Hence, the development of molecular techniques has received considerable attention for investigating the genetic diversity and differentiation of fishes (Dhinakaran et al., 2011) . A number of different techniques are available for identifying genetic differences between organisms.
The random amplified polymorphic DNA (RAPD) technique involves amplification of target DNA by PCR using arbitrary primers (Rahman et al., 2009) . The development of RAPD markers allows the examination of genome variation without a priori knowledge of DNA sequences (Welsh and McClelland, 1990) . This method had been used to detect genetic diversity within and among strains, species and subspecies, and to assess genome variability (Silva et al., 2008) . Our present study had the following objectives: to i) evaluate patterns of genetic variation in the primary range of the species by examining banding patterns using RAPD-PCR techniques; ii) investigate the impact of dam construction on the Tajan River on possible differences between up-and downstream groups of C. c. gracilis using analysis of morphometric characters and the RAPD markers; iii) associate the genetic results with morphometric data using association analysis.
MATERIAL AND METHODS

Sampling
A total of 66 C. c. gracilis individuals from 2 sampling sites, up-(36°11ꞌ24.91ꞌꞌN, 53°19ꞌ32.13ꞌꞌE; 35 individuals) and downstream (36°16ꞌ15.36ꞌꞌN, 53°12ꞌ51.44ꞌꞌE; 31 individuals) of the Shahid-Rajaei dam on the Tajan River ( Figure 1 ) were collected in 2009 by electroshocking with 200-300 V. To preserve tissue for molecular studies, pectoral and pelvic fins from one side of each specimen were cut and preserved in 96% ethanol, and the alcohol was replaced after 24 and 48 h. For morphological analysis, the sampled fish were fixed in 10% formaldehyde and sent to the fishery laboratory of the Department of Fisheries and Environmental Science, at the University of Tehran, where measurements of length and weight of the fishes were taken. The sex of the specimens was determined by macroscopic examination of the gonads, and these tissues were used to test for sexual dimorphism in morphometric characters of C. c. gracilis by analysis of variance (ANOVA).
Genetic analysis
DNA extraction
DNA was extracted using a Chelex protocol with slight modifications (Walsh et al., 1991) . Fin tissue squares, measuring 2 x 2 mm 2 , were placed into 1.5-mL Eppendorf tubes containing 500 mL 10% Chelex 100 and 15 mL 100 U/mL proteinase K. The tubes were incubated at 56°C for 60 min using a shaker and were then boiled in a water bath for 15 min. The tubes were then centrifuged at 6000 rpm for 10-15 s. The amount and quality of the DNA was evaluated by comparison with known amounts of λ DNA after electrophoresis on 0.8% agarose gels (0.32 g agarose in 40 mL 1X TAE buffer) and spectrophotometric analysis.
PCR primers
Ten random 10-mer primers were used to initiate PCR amplification in 5 individuals from each of the 2 locations. Six primers (OPB-01, OPB-08, OPB-10, , that consistently and repeatedly amplified polymorphisms within individual fish and produced good resolution of amplified fragment patterns without smearing, were selected and used in the final analysis for all samples from the 2 sites (35 up-and 31 downstream individuals). 
PCR amplification
PCR amplification of the extracted DNA was performed in a 25-μL reaction containing 2.5 μL 10X PCR buffer (500 mM KCl and 200 mM Tris-HCl, pH 8.4), 2.5 mM MgCl 2 , 2.5 U Taq DNA polymerase, 10 mM of each primer, 150 μM of each dNTP, 20 ng genomic DNA, and varying amounts of water. PCR conditions were as follows: 95°C for 7 min, followed by 40 cycles of 95°C for 1 min, 40°C for 1 min, and 72°C for 1 min, with a final extension for 7 min at 72°C. A negative control, consisting of all the reaction components except the template DNA, was also included in each amplification.
Gel electrophoresis and band patterns
Five microliters of the amplification products was mixed with 1 μL sample loading buffer and run at 15 V/cm for 40 min on a 1.5% agarose gel. The gel was visualized by ul-traviolet trans-illumination after staining with ethidium bromide. A 100-bp DNA ladder was used as the size reference. Randomly selected sets of DNA template were periodically used as replicates to verify RAPD banding patterns across genotypes and primers. The presence or absence of bands was scored visually. Consistent sharp and reproducible bands were selected for scoring, while bands that were faint or not reproducible over different amplifications were not considered for scoring. All the bands scored in the present study were confirmed by at least 3 separate experiments.
Morphometric measurements
Twenty-eight traditional morphometric characters were measured using electronic digital calipers to the nearest 0.001 mm. Morphometric parameters investigated in this study were selected based on studies of Holcik et al. (1989) , Coad (2008) , and Samaee et al. (2009) . The same individual took all measurements.
Data analysis
Morphological data
As variation should be attributable to body shape differences and not be related to the relative size of the fish, an allometric method (Elliott et al., 1995) was used to remove sizedependent variation in morphometric characters:
where M is the original raw measurement, M adj is the size-adjusted measurement, L 0 is the standard length of the fish, Ls is the overall mean of standard length for all fish from all samples in each analysis, and b is estimated for each character as the slope of the regression line of log M on log L 0 using all fish in each group.
The results obtained from the allometric adjustment were confirmed by testing the significance of the correlation between the transformed variables and standard length. ANOVA was performed for each morphometric character (Zar, 1984 ). All morphometric characters were then used for standard discriminant function analyses (DFA) and principal component analysis (PCA). The resulting discriminant function was used to calculate the percentage of correctly classified (PCC) fish. A cross-validation using PCC was performed to estimate the expected actual error rates of the classification functions. Statistical analyses for morphometric data were performed using the SPSS software package, version 11.5.
Genetic data
To analyze the molecular data, RAPD bands were scored manually in binary form, using 1 to indicate the presence and 0 to indicate the absence of a band. Statistical analyses were performed using POPGEN (Yeh et al., 1999) and the Numerical Taxonomy and Multivariate Analysis System (NTSYS-pc version 2.02) (Rohlf, 1989) . Genetic differentiation among the samples was examined by multivariate analysis. We also used the principal coordinate analysis (PCoA) method based on a distance matrix to visualize the relationship between individuals of the 2 groups more quantitatively. In addition, a possible correlation between morphological differentiation and genetic distance was investigated. The significance of matrix relationships was assessed with the Mantel test (Mantel, 1967) using the NTSYSpc software (Rohlf, 1989) . The confidence of the obtained t-statistic was evaluated with 1000 random permutations. Prior to testing, the matrices were normalized.
Association analysis
The association analysis between the morphometric data and genetic data from the 2 studied areas was conducted using a stepwise multiple regression (linear regression) (Roy et al., 2006) . Thus, each value of an individual's phenotypic trait was considered a dependent variable (Y), and all RAPD markers were considered independent variables (X). Multiple regression analysis was conducted using the SPSS software package, version 11.5 (Roy et al., 2006) .
RESULTS
Morphological characters
The age of C. c. gracilis animals in up-and downstream populations of the ShahidRajaei dam ranged from 1 to >3 years, indicating that at least 6 generations may have progressed since the construction of the dam. Approximately 70% of samples in the up-and downstream populations were >2 years old. The mean variation between the populations in length and weight, and for all evaluated morphometric measurements is shown in Figures 2 and 3 , respectively.
There was no significant correlation between any transformed morphometric variable and standard length (P > 0.05), indicating that the size effect was accounted for in our analysis. Significant differences (P < 0.05) between the Siah-Mahi populations up-and downstream of the Shahid-Rajaei dam on the Tajan River were observed for 16 of 28 morphometric characters (Table 1) , and these 16 traits were used further for multivariate analyses. The morphometric characters between the 2 sexes did not differ significantly (P > 0.05) (Table 2) ; hence, the data for both sexes were pooled for all subsequent analyses.
To determine which morphometric measurement most effectively differentiated populations, the contributions of all variables to principal components (PC) were examined. PCA of the 16 morphometric characters showed that PC1 and PC2 accounted for 35.36 and 14.40% of the variation, respectively. The most significant influences on PC1 were due to body depth, minimum body depth (h), inter-orbital distance, predorsal distance, postdorsal distance, dorsal fin length, height of dorsal fin (hD), length of dorsal fin base, height of anal fin (hA), ventral fin length, and pectoral fin length, while those most contributing to PC2 were head high, postanal length, mandible length (Manl), predorsal distance, and ventral fin length.
Visual examination of plotted PC1 scores for each sample (Figure 4 ) revealed that the 2 samples of Siah-Mahi, up-and downstream, were clearly distinct. Wilks' lambda tests of the DFA indicated significant differences in the morphometric characters of the 2 populations (Wilks' lambda = 0.227, chi-squared = 91.155, and d.f. = 5). In this test, one function was highly significant (P ≤ 0.01). For the discriminant analysis, the average PCC was 98.5% for morphometric characters. High classification success rates were obtained for the down-(100%) and upstream (97.14%) stocks, indicating a high level of correct classification of individuals into their original populations. The cross-validation testing procedure correctly classified, on average, 93.9% of the specimens by using morphometric characters. The measurements that were used in this analysis included body depth, caudal peduncle length (Lpc), Manl, hD, and hA. Morphometric differences between the two samples of Capoeta capoeta gracilis, up-and downstream the Tajan River. Tl = total length; Fl = fork length; Sl = standard length; H = body depth; Lpc = caudal peduncle length; h = minimum body depth; Hc = head length; Lac = head width; Hh = head high; prO = preorbital length (=snout length); Oh = eye diameter; poO = postanal length; Io = inter-orbital distance; Maxl = maxilla length; Manl = mandible length; pD = predorsal distance; poD = postdorsal distance; pA = preanal distance; poA = postanal length; Dl = dorsal fin length; hD = height of dorsal fin; lD = length of dorsal fin base; Al = anal fin length; hA = height of anal fin; lA = length of anal fin base; lV = ventral fin length; Pl = pectoral fin length; P-V = pectoral pelvic length. 
Molecular differentiation
Six informative primers produced 89 polymorphic bands with 95% polymorphism. The primer sequences and the number of polymorphic bands obtained from each primer are shown in Table 3 . Numbers of scorable fragments varied from 1 to 16, with a size range of 50 to 1100 bp. The Mantel test (Mantel, 1967) was used to determine the correlation between genetic and morphometric differentiation. Results of this analysis showed that genetic distances were highly correlated with morphological distances (Mantel's r = 0.742, P = 0.0012). The results of genetic variation for all polymorphic bands, including the percentage of polymorphism, observed and effective number of alleles (Nei, 1973 ), Nei's (1973) gene diversity, and Shannon's information index (Lewontin, 1972) in the upstream population were 94.38, 1.94, 1.59, 0.34, and 0.51, respectively, and in the downstream population were 95.51, 1.95, 1.69, 0.38, and 0.55, respectively. Estimates of Nei's (1978) unbiased genetic distance, including average heterozygosity of the total population, average heterozygosity among subpopulations, Minimum, maximum, and average genetic distances for the 2 populations of C. c. gracilis up-and downstream of the dam were calculated from the similarity matrix based on Jaccard's coefficient, and were 0.1455, 0.7382, and 0.4872, respectively. The results from the PCoA of RAPD markers showed that C. c. gracilis were separated into 2 main groups by PCo axis 1 ( Figure 4B ).
Association analysis
Correlations between morphological and genetic data based on a stepwise regression analysis are shown in Table 4 . The results of this analysis demonstrated that 124 genetic markers, and 63 of 89 polymorphic bands, were significantly correlated with 16 morphometric characters ( Table  4) , which were the most important morphometric features that segregated the 2 populations of C. c. gracilis in the PCA, DFA, and ANOVA. The results from the association analysis demonstrated that the morphometric characters hD, hA, lD, Oh, and h were the most highly correlated with the polymorphic markers. The variation explained from all informative markers for all morphometric variables and for each informative marker in hD (of 329 markers) was 93.8 and 31.1%, respectively. The greatest and the least number of markers were related to hD and Manl, respectively. Table 4 . Details of analysis of variance (ANOVA) involving multiple regressions for all 89 molecular markers (polymorphic bands) and 16 morphometric variables.
***P ≤ 0.01; **P ≤ 0.05; *P > 0.05. RAPDmax = mean square of one polymorphic band (Predictor). RAPDcom = mean square of all polymorphic bands (Predictors). For parameter abbreviations, see legend to Figure 3.
Significant associations were observed for 63 of the 89 polymorphic markers with at least one of the 16 traits, with the number of markers associated with individual traits ranging from 1 to 25. Among these 16 traits, Manl was significantly related to only one RAPD marker, whereas hD was significantly related to 25 RAPD markers. These associated markers explained 100% of the variation in the 16 phenotypic traits examined.
DISCUSSION
The results of this study demonstrate that the construction of the Shahid-Rajaei dam on the Tajan River effectively created 2 genetically and morphologically different populations of C. c. gracilis up-and downstream of this dam. Examination of 28 morphometric characteristics between the 2 classified groups revealed that individuals from downstream sites were generally larger than individuals inhabiting the upstream area (except with respect to Lac, prO, Maxl, Manl, Al, lA, and P-V). The results obtained from ANOVA demonstrated high phenotypic variation between these 2 populations. This segregation was confirmed by another multivariate analysis, PCA.
Examination of the morphometric characteristics along PCA axes revealed that the observed differences between the 2 groups were not related to a particular part of the fish body. Instead, the differentiation was due to a series of differences related to different parts of the fish body. These findings agree with observations of C. c. gracilis populations in the Shirrud and Tajan Rivers in the southern Caspian Sea basin (Samaee et al., 2009; AnvariFar et al., 2011) . The morphological differences observed were related only to body shape variation and not to size effects, which were successfully accounted for by allometric transformation. Size may play a predominant role in biasing morphometric analyses, and thus result in erroneous data if it cannot be removed in statistical analyses (Tzeng, 2004) . In the present study, the size effect was removed successfully by allometric transformation, and therefore, any significant differences observed represented body shape variation as tested using ANOVA and multivariate analysis.
hD, hA, lD, Oh, and h were revealed to be important population-differentiating traits in the DFA and the PCA. In total, 89 DNA markers were evaluated for associations with at least 1 of the 16 morphological traits; 63 DNA markers exhibited association, each with at least 1 of the 16 traits. In addition, the Mantel test revealed a significant correlation between genetic distance and morphological distance. In this study, the average genetic distances for 2 populations that were calculated from the similarity matrix based on Jaccard's coefficient was 0.49. Considering that the standard value for population differentiation is 0.5 (Gharaei et al., 2005) , our data suggest that these 2 populations are segregated to a high degree. An N m ≤ 1.0 (fewer than one migrant per generation into a population), and a value of G ST > 0.25, are generally regarded as threshold quantities beyond which significant population differentiation occurs (Slatkin, 1987) . The value of N m (average of individuals migrating among populations in each generation) and G ST in this study were high and low, respectively, indicating the presence of genetic exchange. Therefore, this N m must have occurred before the 2 populations were segregated (i.e., before dam construction). A comparison of H and I between the 2 populations demonstrated that the diversity in the downstream population was greater than that in the upstream population, and that this was most likely due to changed conditions in the downstream region due to the dam. The combination of the 2 forces creates a powerful mechanism for maintaining within-species diversity (Buckler and Thornsberry, 2002) . Furthermore, Hernandez-Martich and Smith (1997) demonstrated that genetic drift and selection are both significant factors causing local differentiation and the up-/downstream dichotomy in genetic characteristics.
The causes of morphological differences between populations are often quite difficult to explain (Poulet et al., 2004; Silva et al., 2008) . It has been suggested that the morphological characteristics of fishes are determined by an interaction between genetic and environmental factors (Swain and Foote, 1999; Poulet et al., 2004; Salini et al., 2004; Pinheiro et al., 2005; AnvariFar et al., 2011) . The environmental characteristics prevailing during early stages of development, when individuals are more phenotypically influenced by the environment, are of particular importance (Pinheiro et al., 2005) . The influences of environmental parameters on morphometric characters have been thoroughly discussed by several authors in the course of fish population segregation studies (e.g., Swain and Foote, 1999; Marcil et al., 2006) .
Dams can change the feeding habits, food availability, growth patterns, and reproductive strategies of particular species living up-and downstream of it. The importance of such factors on producing morphological differentiation in fish species is well known (Akbarzadeh et al., 2009) . For example, different environmental and habitat conditions, such as temperature, turbidity, food availability, water depth, and flow, in different rivers have been shown to cause differentiation in Capoeta sp (Samaee et al., 2009; AnvariFar et al., 2011) . Construction of a dam on a river can affect migratory movements of species into and out of the upstream area. The blockage of fish movements upstream can have a very significant impact on fish stocks. For example, genetic exchange with downstream segments is reduced or prevented (McAllister et al., 2001 ). In addition, the construction of a dam can lead to dramatic changes in the environment of a river and particularly affect fish communities (Craig, 2000) . Therefore, the distinctive environmental conditions of the up-and downstream locations may be the cause of morphological differentiation between these 2 sites.
Phenotypic variability may not necessarily reflect population differentiation at the molecular level (Silva et al., 2008) . Thus, we supplemented our morphological results with those obtained by the RAPD technique. The outcome of the multivariate analysis of RAPD data was largely congruent with the morphological results. The remarkable congruence between the molecular and morphological results reported here establishes that the morphological differences between populations have a genetic basis and are not solely due to environmental influences (Samaee et al., 2006) . Such discrimination has previously been demonstrated among 6 populations of C. c. gracilis located in the Aras, Sefidrud, Shirud, Tonekabon, Haraz, and Gorganrud River systems in Iran (Samaee et al., 2006) . In this study, all the measures of genetic variation (percentage of polymorphism, observed and effective number of alleles, gene diversity, and Shannon's information index) within populations were consistently higher in the down-than in the upstream populations. These results are similar to those of Hernandez-Martich and Smith (1997) , who showed that a dam affected the genetic structure of Gambusia holbrooki populations. Those authors also stated that genetic drift, N m , and selection could cause the observed geographical patterns in the genetic structure. Since up-and downstream populations of C. c. gracilis are geographically isolated, there is currently no opportunity for gene flow among them. Therefore, they may have diverged from each other through drift and/or differential selection.
In conclusion, the present study provides basic information about the biology and differentiation of C. c. gracilis populations in the upstream and downstream regions of the Tajan River, and it suggests that morphological and genetic variations observed in C. c. gracilis should be considered in fishery management and for the commercial exploitation of this species. Overall, the findings suggest that there are significant morphological and genetic differentiations between C. c. gracilis populations above and below the dam, supporting the hypothesis proposed in the present study. Unfortunately, there are no pre-dam historical samples or any parallel situations nearby in the river in which up-and downstream populations without any barriers could be compared.
Finally, even though RAPD is a dominant marker that does not differentiate between homozygotes and heterozygotes, it provides baseline information on the population structure and suggests that additional studies using mitochondrial and microsatellite markers will further enhance our understanding of the genetic structure of Siah-Mahi populations.
